ABSTRACT: Acute pancreatitis is a serious and potentially fatal disease caused by intracellular trypsinogen activation. Although protease detection has been greatly facilitated by the development of protease probes capable of monitoring protease activation and inhibition, real-time quantitative measurement of protease activity in living cells remains a challenge, and the identification of the cellular compartment for trypsinogen activation is inconclusive. Here we report a novel strategy for developing trypsin sensors by grafting an enzymatic cleavage site into a sensitive location for optical change of chromophore in a single enhanced green fluorescent protein (EGFP). Our designed trypsin sensor exhibits rapid kinetic responses for protease activation and inhibition with a large ratiometric optical signal change. In addition, it has strong specificity, as enzymatic cleavage is not observed with other proteases such as thrombin, cathepsin B, tryptase, and tissue plasminogen activator. Moreover, the developed trypsin sensor allows us for the first time to observe, in real time, trypsinogen activation by caerulein in the pancreatic cancer cell line, MIA PaCa-2 without zymogen granules. These developed protease sensors will facilitate improved understanding of mechanisms and locations of protease activation and further provide screening of protease inhibitors with therapeutic effects.
Digestive proteases are produced as inactive proenzymes inside the membrane-bound zymogen granules (1) . The proenzyme becomes active after physiological stimulation during exocytosis (2, 3) . Usually protease inhibitors coexist with proteases at concentrations sufficient to prevent autodigestion (4) . Fatal human diseases such as acute pancreatitis result from autodegradation of trypsin, chymotrypsin and elastase derived from pancreatic tissues. Trypsin is one of the major digestive enzymes responsible for regulating protein degradation (4) . Misbalanced trypsinogen secretion, activation, inhibition, and turnover can result in acute and chronic pancreatic diseases (5) . Approximately 35,000 new cases of pancreatic cancer associated with misbalanced serine protease activity, especially trypsin, are reported annually. It is the fourth leading cause of cancer deaths in the United States (6) . Diagnosis of chronic pancreatic diseases is largely restricted to later stages of the illness, partly due to inherent limitations in available peptide kits designed for the detection of trypsin activity in cell lysates. Caerulein is the most commonly used inducer of trypsin activation in living pancreatic acinar cells (1, 7) . It is widely accepted that zymogen is packed into granules of acinar cells. However, the location of trypsinogen activation has not been conclusively identified despite substantial studies using various methods. Several studies have suggested that zymogen activation might be initiated in zymogen granules (2, 8) . Using antibodies against trypsinogen activation peptide in confocal and immunoelectronic microscopy, initial zymogen activation was observed in a vesicular non-zymogen granule compartment (9, 10) . The activation of trypsinogen in large endocytic vacuoles has also been proposed to initiate acute pancreatitis (3) .
Currently, the pancreatic cancer cell line, MIA PaCa-2 derived from human pancreatic tumor tissue (11) , has been extensively used in developing cancer therapy based on protease-induced apoptosis (12, 13) . Differing from acinar cells, pancreatic cancer cells such as MIA PaCa-2 do not have a granule structure (14) . However, an elevated mRNA level of trypsinogen and secretory trypsin inhibitor was reported in this cancer cell line (15, 16) . To date, it is still unknown whether pancreatic cancer cells such as MIA PaCa-2 have any elevation of trypsin activity. It is also not clear, due to limitations of current commercially available trypsin probes, whether trypsinogen activation of pancreatic cells occurs in the cytosol.
Stimulated by our previously developed calcium sensors based on a single EGFP 1 (17) , here we report the development of a trypsin sensor by engineering an enzymatic 1 Abbreviations: EGFP, enhanced green fluorescent protein; PCR, polymerase chain reaction; EGFP-wt, wild type EGFP; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; MALDI-MS, matrix assisted laser desorption/ionization mass spectrometry; SBTI, soybean trypsin inhibitor; RFU, relative fluorescence units, FITC, fluorescein isothiocyanate; pNA, p-nitroanilide; AMC, 7-amino-4-methylcoumarin.
cleavage site into a single wild type EGFP (EGFP-wt) (Figure 1a and 1b) . We have shown that the developed trypsin sensor exhibits large ratiometric fluorescence signal change upon cleavage at the designed cleavage site in EGFP. More importantly, the developed trypsin sensor exhibits strong enzymatic selectivity over other proteases to permit real-time monitoring of protease activity in living cells. Moreover, we have shown that trypsinogen activation also can be triggered by caerulein in MIA PaCa-2 cancer cells.
MATERIALS AND METHODS

Construction of Trypsin Sensors.
A cleavage linker (EE-EIREAFRVFDKDGNGYISAAELRHVMTNL) for trypsin was genetically generated in Pet28a plasmid (Invitrogen) encoding EGFP at three locations (Glu172, Gln157 and Asn144) using polymerase chain reaction (PCR) techniques. The resulting variants of trypsin sensors were labeled EGFP-T1, EGFP-T2 and EGFP-T3, respectively. A modified linker (EEEIAEAFAVFDADGNGYISAAELAHVMTNL) without cleavage sites for trypsin and a modified cleavage linker (EEEIAEAFAVFDADGNGYISAGPARHVMTNL) without calcium-binding capability were also obtained through PCR amplification and labeled EGFP-T1m and EGFP-T1nb, respectively. Different EGFP-based trypsin sensors were then subcloned into pcDNA3.1(+) (Invitrogen) for mammalian expression.
Spectral Properties Following Trypsin Digestion. Trypsin digestion of 15 µM EGFP-T1 and EGFP-T2 was performed by adding stock trypsin from bovine pancreas (Sigma, St. Louis) up to a final concentration of 20 nM in trypsin reaction buffer (10 mM Tris, 20 mM CaCl 2 , pH 7.4). The UV-visible spectra following trypsin digestion were measured in a 1 cm path length cuvette at different time intervals (0, 1, 3, 5, 10, 20, 30, 60, 90 and 120 min), and fluorescence spectra of trypsin sensors with excitation at 398 and 490 nm were recorded at different time intervals (0, 1, 3, 5, 10, 20, 30, 60, 90 and 120 min). Similarly, EGFP-wt was subjected to identical digestion as the control.
CleaVage Status Verification. To examine the cleavage status of trypsin sensors at different times following trypsin digestion, 20 µL samples of 15 µM EGFP-T1, EGFP-T2 and EGFP-wt were removed, immediately combined with sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer, and boiled to denature the proteins and halt the digestion reaction for SDS-PAGE analysis. Samples following digestion were evaluated at 0 min, 5 min, 10 min, 30 min, 60 min, 2 h, 6 h and 24 h, respectively. Additionally, the cleavage products of trypsin sensors following trypsin digestion for 24 h were also collected and analyzed using matrix assisted laser desorption/ionization mass spectrometry (MALDI-MS).
Kinetic Studies. Initial rates of trypsin digestion reaction for EGFP-T1 at various concentrations were measured using a time-course model to monitor the change of absorbance at 490 nm for 10 min on a UV-1700 spectrometer (Shimadzu, Japan), where the initial rate was equivalent to the resulting slope of absorbance increase. These data were then used to calculate the steady-state kinetic parameters, Michaelis constants (K m ), turnover number (k cat ) and second order rate constants (k cat /K m ) for hydrolysis of EGFP-T1 following trypsin cleavage, by fitting data to the Michaelis-Menten equation (eq 1) by nonlinear regression using KaleidaGraph 3.5 software (Synergy software).
In eq 1, V 0 /e is per mole enzyme initial reaction rate (s Cell Culture and Imaging. MIA PaCa-2 cells were plated on sterilized glass coverslips in 35 mm dishes and grown to 60% confluence in DMEM (Sigma Chemical Co., St. Louis, MO) supplemented with 10% (v/v) fetal bovine serum, 100 U/mL penicillin and 0.1 mg/mL streptomycin at 37°C with 5% CO 2 in a humidified incubation chamber. Cells transfected with EGFP-T1, EGFP-wt and EGFP-T1m were allowed to grow for 24-48 h before imaging (17, 18) . In addition, 1 µM soybean trypsin inhibitor (SBTI) was incubated with cells transfected with EGFP-T1 for 30 min before imaging. EGFP-wt, EGFP-T1m and EGFP-T1 with SBTI inhibition were used as the controls. Cells were imaged on a Zeiss Axiovert 200 inverted microscope with a 40× oil objective lens and a CCD camera (AxioCam HRc). Ratiometric emission imaging was acquired through an FITC filter set (excitation wavelength, 480 ( 20 nm; emission wavelength, 510 ( 20 nm) and 395 nm filter set (excitation wavelength, 395 ( 20 nm; emission wavelength, 510 ( 20 nm) from a light source (FluoArc, Zeiss) in a time-course model using Axiovision software. During image acquisition, caerulein was added to the cell plate to a final concentration of 10 nM for trypsin activation (19) . The ratiometric change between fluorescence emission for excitation at 488 and 398 nm was calculated at different time intervals to detect trypsin activity in living cells. Data at different time intervals were normalized as a ratio with the fluorescence emission divided by the initial fluorescence intensity to set the basal ratio to 1 (20) .
The fluorescence ratiometric change (R) is expressed by eq 2:
where NF t-488 is the normalization fluorescence intensity of various time points at 488 nm excitation and NF t-398 is the normalization fluorescence intensity of various time points at 398 nm excitation.
Trypsin ActiVation Assays in Cell Lysates. To examine trypsin activity and confirm trypsin activation pattern in living cells, MIA PaCa-2 cells (1 × 10 6 ) were cultured in 100 mm cell culture dishes for 24 h and then treated with 10 nM caerulein. The cell pellets following caerulein induction at various time intervals (0, 10, 20, 30, 60, 120, 240 min and 24 h) were harvested and lysed with lysis buffer (10 mM Tris, 10 mM NaH 2 PO 4 /NaHPO 4 , 150 mM NaCl, 0.1% Triton X-100, 10 mM Na 2 P 2 O 7 · 10H 2 O, pH 7.5). The supernatant containing protein was obtained through centrifugation at 13000g. The total protein concentration was determined using the BCA assay kit (Pierce, USA) according to the protocol from the manufacturer. The cell lysates containing 20 µg of protein of each sample at various time intervals were mixed with 100 µL of 4 mM trypsin substrate kit, Boc-Gln-Ala-Arg-AMC, in a total volume of 250 µL of trypsin reaction buffer (10 mM Tris, 20 mM CaCl 2 , pH 7.4), and then incubated under light-free conditions for 30 min at 37°C. Following incubation of the reaction mixture, fluorescence intensity at 450 nm of AMC released from trypsin substrate kit due to the cleavage by active trypsin was measured using a fluorescence microplate reader under excitation at 380 nm. The relative fluorescence units (RFU) in the induced samples relative to control buffer sample indicate the relative amount of trypsin. Comparing RFU of the positive control, active trypsin, the amount of trypsinogen activation can be estimated at various time points following caerulein stimulation in living cells.
RESULTS AND DISCUSSION
We hypothesized that the proteolytic cleavage occurring within designed sequences at sensitive locations near the chromophore could result in a chromophore signal change due to local conformational change. Four grafting sites on the EGFP scaffold were selected based on the capability of the chromophore signal change to monitor dynamic enzymatic activity in living cells. Four criteria were identified during the design of the sensors as being critical for development. First, protease sensors must be able to dynamically monitor enzymatic activation or inhibition in intact living cells in real time. Second, the optical signal change of sensors should have good selectivity, high sensitivity and rapid response to catalytic cleavage with an optimal kinetic activity during protease cleavage. For trypsinogen activation, it is important to have enzymatic selectivity against other proteases such as cathepsin B and tryptase that are wellknown to be involved in the trypsinogen activation (9, 21, 22) . Third, to measure enzymatic activity quantitatively, the change of fluorescence emission or excitation signals induced by proteases should be ratiometric to eliminate problems associated with variations in sensor concentrations, subcellular conditions, instrument instability, and photobleaching (20, 23) . Fourth, a large dynamic signal change following enzymatic cleavage allows for the rapid and early detection of protease activation and sensitive screening of therapeutic inhibitors as drugs. Since trypsin demonstrates a strong preference to cleave the peptide bond immediately following an Arg or Lys residue in a solvent-accessible region, a trypsin cleavage sequence derived from EF-hand motif loop III of calmodulin was selected as the basic graft structure because it contains highly accessible Arg and Lys residues in the loop and flanking helices. As shown in Figure 1b , the selected sites appear in the sequence immediately following Glu172 within loop-9, Gln157 within loop-8, and Asn144 within loop-7. The resulting sensors were designated EGFP-T1, EGFP-T2 and EGFP-T3, respectively. To eliminate the contribution of calcium binding, Glu at the EF-loop position 12 was replaced by Ala to obtain EGFP-T1nb variant with a single tryspin cleavage site (GPAR sequence at positions P 4 -P 1 around the cleavage site).
The engineered protease sensors along with EGFP-wt were expressed in Escherichia coli and purified with a chelating
(1)
affinity column. To verify the cleavage status of EGFP-based trypsin sensors, each sensor was incubated with trypsin at various digestion time intervals and the resulting cleavage products were examined using SDS-PAGE and MALDI-MS. The results indicated that EGFP-T1 and EGFP-T2 were specifically cleaved into two major fragments by trypsin at the grafted cleavage site, approximately 20 and 8 kDa ( Figure  1c ) from EGFP-T1 and 18 and 10 kDa (Figure 1d ) from EGFP-T2. In contrast, EGFP-wt exhibited only a minor decrease in mass (Figure 1e ) resulting from the removal of His-tag upon incubation with trypsin. Furthermore, we created a negative control EGFP variant (EGFP-T1m) through mutation of Arg and Lys within the designed cleavage linker to Ala. Upon addition of trypsin, EGFP-T1m did not appear to be cleaved into small fragments at the inserted linker region in SDS-PAGE (Figure 1f ) although a similar minor decrease in mass of EGFP-wt was observed due to the removal of His-tag. The absorption and fluorescence signals of EGFP-T1m are also not altered upon addition of trypsin. These results clearly demonstrate that cleavage occurs specifically at the designed cleavage linker in EGFP-T1 and EGFP-T2. These two major trypsin cleavage fragments from EGFP-T1 remained unchanged until digestion time exceeded 40 h. MALDI-MS analysis revealed that fragments produced from cleavage of EGFP-T1 had molecular masses of 20840.79 and 7969.20 Da (Figure 1g) , and fragments from cleavage of EGFP-T2 had molecular masses of 18542.65 and 9759.08 Da (Figure 1h) , respectively, which is consistent with cleavage occurring in the cleavage linker. Conversely, the nonfluorescing variant EGFP-T3 was not suitable as a sensor due to its apparent unfolded structure as revealed by far UV circular dichroism (data not shown). In order to further verify the accurate cleavage location, both fragments were separated and subjected to Edman degradation protein sequencing. Based on the comprehensive analyses of SDS-PAGE, MALDI-MS and N-terminal protein sequencing, a clear cleavage pattern of EGFP-T1 following trypsin digestion was determined to reveal the removal of His-tag and specific cleavage in the inserted linker. The sequence of the large fragment is from MVSKGEE to EAFR inside the linker. The sequence of the small fragment is from HVMTNL to the C-terminal of EGFP-T1.
EGFP-T1 and EGFP-T2 retained strong fluorescence both in bacteria and as purified proteins. EGFP-T2 has a maximum absorption wavelength similar to that of EGFP-wt at 490 nm originating from the deprotonated form of the chromophore, while EGFP-T1 has two strong absorption peaks at 490 and 398 nm with extinction coefficient constants of 16235 and 14137 M -1 cm , respectively ( Figure S1a in the Supporting Information), where the peak at 398 nm corresponds to the protonated chromophore species (24) . Moreover, the maximum emission of EGFP-T1 at 508 nm with a quantum yield of 0.59 results from excitation at 490 nm ( Figure S1b in the Supporting Information). Following trypsin digestion, the absorption peak of EGFP-T1 at 490 nm increased and concurrently decreased at 398 nm ( Figure  2a) . Similarly, EGFP-T1 exhibited a ratiometric signal change with a decrease in maximum fluorescence emission intensity at 508 nm at an excitation wavelength of 398 nm (Figure 2b ) and a corresponding increase at an excitation wavelength of 490 nm (Figure 2c) . In contrast, EGFP-wt, which was not cleaved, exhibited no optical signal change and the maximum absorption of EGFP-T2 showed no obvious change although it was cleaved by trypsin under identical digestion conditions (Figure 2d ). This result suggests that position 172 in EGFP is a sensitive location where the ionic state of the chromophore species can be altered by the addition of the grafting sequence. The dual chromophore forms in GFP have also been demonstrated in previous reports (24) . A complicated hydrogen bond network allowing for proton transfer between the chromophore and its neighboring side chains significantly contributes to the equilibrium between protonated and deprotonated chromophore forms (25) . The predominant protonated form of the chromophore exhibits its maximum absorbance at 397 nm, which is governed by the carboxylation of Glu222 through electrostatic repulsion and hydrogen bonding between a bound water molecule and Ser205. In contrast, the maximum absorbance peak of the deprotonated form of the chromophore is observed at 490 nm. Under this condition, the charge of Glu222 was proposed to donate to the chromophore through proton abstraction and a hydrogen bond network, involving Ser205 and bound water. In order to stabilize the deprotonated state, a rearrangement of the side chains of Thr203 and His148 may occur. In addition to the proton relay between Ser205 and Glu222, the side chains of Asp117, Thr118, Glu172 and Asp190 were also proposed to be involved in the alteration of different conformations of the chromophore, as observed in the electron density of the crystal structure (25) . Our observation of the switch of dual chromophore forms following the insertion of cleavage linker at position 172 is likely due to alteration of the ionization state of the chromophore. Following the insertion of the cleavage linker at position 172 of EGFP, the population of both states of the chromophore may be significantly altered through the proton relay between Ser205 and Glu222 and rearrangement of hydrogen bond networks due to the environmental change of Glu172 (25) . The observed changes in absorption peaks and fluorescence emission intensities were due to changes in relative proportions of the two chromophore species of EGFP-T1 following trypsin digestion. The dynamic range of EGFP-T1 sensor is 3.8 for fluorescence, which is comparable to current protein-based sensors (26) (27) (28) (29) .
Kinetic studies of EGFP-T1 were compared with results from three commercially available trypsin kits, Bz-DL-ArgpNA (BAPNA), Bz-DL-Arg-AMC and Boc-Gln-Ala-Arg-AMC under identical buffer conditions. All of these commercially available kits exhibit optical signal changes at a single wavelength (i.e., nonratiometric) upon trypsin cleavage. Kinetic parameters, k cat , K m and k cat /K m of EGFP-T1 (Figure 3a ) and the commercial trypsin kits were calculated through fitting with eq 1. Kinetic parameters are shown in Table 1 . The EGFP-T1 sensor exhibited a 750-fold decrease in K m and a 150-fold increase in k cat /K m compared to the BAPNA colorimetric kit. Similarly, an approximately 20-fold decrease in K m and a 20-fold increase in k cat /K m were observed in comparison to Bz-DL-Arg-AMC. Boc-Gln-AlaArg-AMC with preferable residues at positions P 2 and P 3 exhibited 2.3-fold larger K m and 5.4-fold smaller k cat than EGFP-T1. Consequently, trypsin cleavage of EGFP-T1nb occurred at the designed cleavage site and k cat /K m of EGFPT1nb for trypsin increased relative to that of Boc-Gln-AlaArg-AMC due to the addition of preferable residues for trypsin at P 2 and P 3 positions before the trypsin cleavage site. Overall, k cat /K m of EGFP-based trypsin sensor variants is comparable to that of Boc-Gln-Ala-Arg-AMC.
In order to ensure that the developed protease sensor is able to directly monitor the catalytic step, the inhibition effect of leupeptin on trypsin was examined during the digestion of EGFP-T1 with various leupeptin concentrations. The rate of the signal change due to cleavage was found to decrease with increasing leupeptin concentrations ( Figure S2 in the Supporting Information). The rates of EGFP-T1 with various leupeptin concentrations were fitted to reveal a Figure  3b ). This clearly demonstrates that the optical signal change of the EGFP-T1 sensor is directly related to enzymatic cleavage rather than the binding process and can be applied to monitor inhibition processes for drug screening.
One of the major challenges in developing protease probes is to achieve strong specificity for different proteases (30) . To examine the enzymatic specificity of EGFP-T1, thrombin, cathepsin B, tryptase, tissue plasminogen activator, kallikrein and chymotrypsin from mammalian proteinase family with different substrate specificities were incubated with this sensor. Lysosomal cathepsin B was shown to be responsible for the trypsinogen activation (9, 21, 22) . Cathepsin B, tryptase, thrombin and tissue plasminogen activator could not cleave EGFP-T1 as monitored by SDS-PAGE ( Figure  4a ). Less than 10-30% of EGFP-T1 was cleaved by kallikerin and chymotrypsin upon overnight incubation of cleavage at the same concentration of trypsin, suggesting that the designed protease sensor with a specific cleavage linker exhibited strong enzymatic specificity. In contrast, cathepsin B substrate, Z-Phe-Arg-AMC, was cleaved under identical buffer conditions in 5 min by cathepsin B, as indicated by the fluorescence signal change (Figure 4b ). Such strong enzymatic selectivity is very exciting since cathepsin B and tryptase are known to cleave the residues after Arg, which are involved in trypsinogen activation. Thus, our developed sensor is ideal for cellular applications to understand the mechanisms of trypsinogen activation.
To further test the pH effect on our trypsin sensor, we have also conducted experiments to examine the cleavage status of our EGFP-T1 in buffers at various pH values (pH 4-9). As shown in Figure S3 in the Supporting Information, trypsin sensor EGFP-T1 can be cleaved by trypsin under buffer conditions from pH 5 to pH 9. In addition, we have conducted a kinetic study of trypsin sensor (EGFP-T1) to examine the effect of pH on the kinetic parameters. Less than 2-fold increase in k cat /K m value for EGFP-T1 was observed when the buffer condition changed from pH 6.7 to 8.0, suggesting that the developed trypsin sensor is able to specifically respond to the trypsin cleavage from pH 5 to 9.
To test whether trypsinogen can be activated in pancreatic cancer cells, we first monitored trypsin activity in cell lysates of MIA PaCa-2 cells following induction with 10 nM caerulein at different time points using commercially available trypsin peptide substrate, Boc-Gln-Ala-Arg-AMC. The relative fluorescence signal change of this substrate at 450 nm can be observed as a function of activation time ( Figure  5 ). Trypsinogen was activated and achieved the highest level following caerulein stimulation for 60 to 120 min based on the relative fluorescence unit change of trypsin peptide substrate. Using 4 nM trypsin as a positive reference, trypsinogen was activated to reach a trypsin level of 6 nM following caerulein induction for 1 h.
We then applied our developed sensor to track trypsin activity in living pancreatic cancer cells. The EGFP-T1 sensor was transfected into MIA PaCa-2 cells using an established method with lipofectamine (31) . The cells transfected with EGFP-T1 and the controls (EGFP-wt, EGFP-T1m or EGFP-T1 incubated with SBTI) exhibited strong fluorescence in the cytosol following 16 to 48 h of expression. Upon zymogen activation by 10 nM caerulein, the fluorescence emission signal of EGFP-T1 at 510 nm gradually decreased at 398 nm excitation while concurrently increasing at 488 nm excitation (Figure 6a, 6b and 6c ), resulting in a ratiometric emission change greater than 25% (Figure 6d ). In contrast, the fluorescence emission ratio of EGFP-wt, EGFP-T1m or EGFP-T1 with SBTI inhibition remained unchanged. The ratiometric fluorescence change of EGFP-T1 sensor is significantly different from that of EGFP-wt (*P < 0.05). Trypsinogen activation induced with 10 nM caerulein in living cells (n ) 12) exhibited a halflife time of 15-20 min (∼80% cells exhibit positive response), which was consistent with the results obtained using the peptide kit to monitor trypsin activity in cell lysates. By comparing enzymatic activities of different trypsin concentrations under identical experimental conditions, trypsinogen activation in pancreatic cells at the maximum stimulation time of one hour by 10 nM caerulein was determined to be approximately 6 nM. This activation is strongly dependent on caerulein concentration (Figure 6d) . Therefore, our trypsin sensor can detect enzymatic activation in living cells in real time.
To further examine the location of the detected trypsin signal, we applied confocal microscope and immunofluorescence by antitrypsin and anti-GFP antibodies to evaluate the subcellular locations of trypsin and EGFP-T1, respectively. Trypsin generation following 10 nM caerulein stimulation ( Figure S4a in the Supporting Information) and EGFP-T1 expression ( Figure S4b in the Supporting Information) in the cytosol of MIA PaCa-2 cells was clearly observed through their corresponding antibodies. As shown in Figure  S4 in the Supporting Information, the fluorescence signals of trypsin antibody overlap well with that of EGFP antibody, suggesting that EGFP-T1 colocalized with trypsin in the cytosol under both permeable and nonpermeable conditions. The results indicated that trypsinogen is activated in the cytosol of cells, rather than on the cell surface. This novel finding for trypsinogen activation possibly provides further explanation or evidence that cytosolic events regulate zymogen activation in a reconstituted pancreatic acinar cell system (1). Since our sensor is able to detect trypsin inhibition by leupetin in vitro (Figure 3b ), further application of developed trypsin sensors to other zymogen activation model systems might provide insights into the mechanism of trypsin activation and inhibition in cells.
In summary, we have reported a novel strategy to develop protease sensors by grafting an enzymatic cleavage linker onto an EGFP scaffold at different locations hypothesized to be sensitive to optical signal changes originating within the chromophore. Our EGFP-based protease sensors exhibit a large dynamic change that allows quantitative measurement of enzymatic actions. In addition, the measured kinetic parameters of our protease sensors are comparable to or better than currently available trypsin kits. Further, our trypsin sensors demonstrate strong enzymatic specificity, especially to cathepsin B and tryptase, which are essential for examining the mechanisms of zymogen activation. Furthermore, we reported the first direct observation of trypsinogen activation in MIA PaCa-2 cancer cells by caerulein stimulation even though this cell line lacks zymogen granules or cytosolic vacuole structures (14) . Our results correlate well with previous reports related to elevated mRNA levels of trypsinogen (15) and trypsin inhibitors (16) . Moreover, we have shown that the location of trypsinogen activation occurs within the cancer cells, shedding light on our new insight regarding zymogen activation and inhibition. Zymogen granules, vacuoles or the combination of cytosol and cellular organelles of pancreatic acinar cells were previously reported (2, (8) (9) (10) . Currently, we are applying this developed sensor to further investigate the dynamic process and mechanisms for trypsinogen activation at different cellular locations ( Figure S5 in the Supporting Information). We anticipate that further development and application of EGFPbased sensors with strong enzymatic specificity will facilitate our understanding of protease actions in living systems. Finally, since MIA PaCa-2 cancer cells have been widely used for understanding apoptosis, cancer metastasis and drug effects, knowledge gained from zymogen activation and inhibition is expected to have an impact on future development of cancer drugs, especially against pancreatic cancers.
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